The spatial distribution of genotypes at six enzyme loci was investigated in 17 natural populations of the temperate rainforest tree Atherosperina moschatum using spatial autocorrelation. The results from the different enzymes were consistent at each population as well as among populations, particularly at short distances. There were stronger associations overall between like homozygous trees than like heterozygous trees. Unlike trees were generally significantly negatively autocorrelated at short distances. Two consistent patterns of associations were found with increasing distances between trees. A highly consistent average patch length was found in most populations for the enzymes studied. The results suggest that there are small neighbourhood sizes m this species and therefore small stands are worth conserving. In addition, larger populations are unlikely to be homogenous. Therefore, conserving one part of a population may not adequately sample its genetic variability.
Introduction
The spatial distribution of genetic variability within natural plant populations may significantly influence evolutionary and ecological processes (Lewontin, 1974; Endler, 1977; Brown, 1978; Wright, 1978; . The spatial distribution of genetic variation in populations forms an integral part of neighbourhood concepts (Wright, 1978) , as well as theories of allopatric and parapatric speciation (Mayr, 1970) .
Even when the scale of structure is fine, localized genotypic combinations may arise, and small demes may become differentiated, despite being part of a large ensemble (Wright, 1978) . Survival may depend on tolerance of locally patchy environmental factors such as soil type (Bradshaw, 1984) . Spatial structure of genetic variation within populations has immediate ecological-genetic consequences for plants, since it may result in aggregates of particular genotypes.
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natural populations, spatial autocorrelation, conservation, or sampling them for breeding programmes. It should be taken into account in order to maximize diversity, and not to misrepresent species or population diversity . If the presence of spatial structure is ignored, it may lead to misinterpretations of the significance of breeding systems or the selective significance of particular genotypes . Genotypic structuring over short distances within populations may be caused by limited dispersal of pollen or seed, spread of vegetative clones or by selection within a patchy environment (Dewey & Heywood, 1988; .
Spatial autocorrelation analysis has been used to study genetic structure within plant populations (e.g. Epperson & Clegg, 1986; Dewey & Heywood, 1988; Schoen & Latta, 1989; Argyres & Schmitt, 1991; Schnabel et a!., 1991; Coates, 1992; Knowles et a!., 1992) . Spatial autocorrelation analysis makes no assumptions about the scale of the structure (Dewey & Heywood, 1988) , and since individuals can be used for the analysis, any scale of pattern can be analysed. The results of studies to date have revealed localized structure over short distances in some species' populations (e.g. Schoen & Latta, 1989 ; Argyres & Schmitt, 1991; Perry & Knowles, 1991 , Schnabel et al., 1991 Wagner et a!., 1991) . However, random genetic distributions have been found in other species (Waser, 1987; Dewey & Heywood, 1988 ; Epperson & Ailard, 1989; Coates, 1992) . Differences in life histories, dispersal characteristics, breeding systems and stand histories may account for some of the differences in results among species and populations (Schoen & Latta, 1989; Xie & Knowles, 1991; Coates, 1992) . Fine-scale substructuring seems to be the most common kind of genetic structure within populations . However, in some species and populations (e.g. Delphinium nelsonii) gene flow appears to be greater than expected from their biology and environment, leading to randomization of their genetic structure (Waser, 1987) .
Atherosperma moschatum is an Australian temperate rainforest tree. It is the most widespread of the rainforest trees found in Tasmania (Australia) and is typically one of the dominant canopy species. A. moschatum is likely to have restricted pollen dispersal since it is insect-pollinated, and though its plumed seed is capable of long-distance dispersal, most seed in closed canopy situations falls beneath the parent tree (Read & Hill, 1988) . A. moschatum occurs in mixedaged stands but vegetative reproduction is thought to be prolific and to account for much regeneration (Read & Hill, 1988) . F statistics (Wright, 1965 ) based on isozyme variation indicated that most variation was within populations and that they were mostly inbred and not in Hardy-Weinberg equilibrium (Shapcott, 1994) . It was postulated that inbreeding could be the result of two factors: vegetative reproduction, and the development of family clusters due to poor pollen and local seed dispersal. These attributes suggest that A. moschatum stands are likely to exhibit genetic substructuring. Therefore this study used spatial autocorrelation analysis to investigate the spatial distribution of allozyme genotypes at six enzyme loci within 17 natural stands of A. moschatum.
Methods
Spatial autocorrelation analysis tests whether the observed value of a variable at one point or locality is independent of values of the variable at neighbouring points or localities. If dependence exists the variable is said to exhibit spatial autocorrelation (Sokal & Oden, 1978a) . For the purposes of this type of analysis the distribution of points is considered as given (Sokal & Oden, 1978a; .
Spatial autocorrelation of trees within stands was calculated separately for six enzyme loci ineach of 17 sites and the results compared. The genetic analysis and stand structure of these sites is given in Shapcott (1994). Stands were sampled along belt transects. All A. moschatum plants within transect boundaries were recorded and given a unique number, then sampled, and their height and diameter measured. Their locations were recorded as co-ordinates (X, Y), relative to the transect line. In many cases transects included all or most of the trees in the stand. Transects varied in length and breadth depending on the size, shape and density of the stand sampled. They varied in length by multiples of the minimum length of 30 m up to 360 m.
Width ranged from 5 to 40 m. Sometimes transects ran in parallel rather than end to end. Thus the dimensions of the belt transect and the shape of the stands determined the distances over which the analysis was undertaken.
The actual co-ordinates of all A. moschatum trees within the sample sites were used for the analysis. These formed an irregular lattice of sample points.
Spatial autocorrelation analysis requires the construction of a connection matrix (Sokal & Oden, 1978a) defining which trees are considered 'neighbours' or 'joined'. This allows flexibility in determining relationships between trees, and allows customizing of their connections. However the requirement to specify these parameters means that patterns may be missed if the scale used does not detect them . The variation in autocorrelation and hence genetic relationships between trees that occurs with increasing distances between trees was analysed by assessing autocorrelation with systematically increasing distances and by constructing correlograms. These were used to investigate any pattern in relationships between trees with different distances between them. Two scales of incremental distance increase between trees were used.
In this study pairs of trees were considered to be 'neighbours' within a radius of 10 m. Ten metres was estimated as the approximate area of influence of an average A. inoschatum tree based on field observations of canopy area under which related seed were likely to fall and vegetative spread. This distance also took into account the density of trees and the average distance between trees in the populations (Table 1), so that there would be enough 'neighbours' to give statistically meaningful results. Pairs of 'neighbour' trees were given a binary score of 1, if 'joined', by the pair definition, or 0, if not 'joined' within each annulus distance.
Thus all pairs of genotypes were assessed for the number of times they co-occurred within a distance annulus. This number was compared to the number of joins expected and the variance for each type of join if tree genotypes were randomly distributed (assuming sampling without replacement) (Sokal & Oden, 1978a) .
If there were significant excesses of 'joins' between genotype pairs, those pairs of genotypes were said to (Epperson & Clegg, 1986 ).
In the case of nominal data such as these, the significance is assessed by the estimation of the standard normal deviate (SND), which is compared to a tdistribution (Sokal & Oden, 1 978a) . Corrections for small sample sizes and small degrees of freedom are given by Sokal & Oden (1978a) . The observed and expected join counts and the variances were calculated using a FORTRAN program based on the formulae given by Sokal & Oden (1 978a) as used by Zalucki et a!. (1987) . Correlograms were used to investigate the patterns of association of genotypes with increasing distance at each site. A correlogram plots the standard normal deviate (SND) of each pair-type at increasing distance classes or annuli . Thus the scale of pattern can be investigated. Correlograms with 10 m distance intervals were initially constructed to define broad patterns in the data. Correlograms with 5 m annulus increments were then constructed to clarify and resolve more accurately the initial patterns observed. Distance classes with increments smaller than 5 m was considered inappropriate given that the average distance between trees came close to this distance. Systematic investigation of autocorrelation with distances of multiples of 5 m was therefore an appropriate scale for the analysis. In this study patterns at distances greater than 30 m are unlikely to be reliable due to the edge effects of the transects . Therefore, correlograms were not plotted at distances greater than 30 m . To assist with interpretation of results the SND values were averaged for all like-genotype pairs or all unlike-genotype pairs at each site, and these average SND values were plotted. All enzymes at each site were then compared on the same graph for these genotype-pair groupings. The significance of correlograms was checked using the Bonferroni method of correcting for multiple tests (Oden, 1984) , such that at least one SND value was significant by this method where x'= xlv (x = 0.05 significance level; v = number of tests). Since some values in all correlograms were significant at Bonferroni levels the correlograms were generally considered significant . However, the power and significance at each distance class will be different due to the varying number of connected pairs at each distance. Therefore, correlograms are most powerful at the shortest distance classes . Scatter plots mapping the location, diameter and genotypes of each tree were used as an aid in interpretation of the spatial autocorrelation results (e.g. Fig. 5 ).
Results
The results from the different enzymes were consistent at each site as well as between sites, particularly at Table 2 ). The remainder gave nonsignificant results (Table 2 ) which were generally due to small numbers of trees of a particular genotype.
There were stronger associations overall between like-homozygous trees than like-heterozygous trees. An average of 83 per cent of all homozygous like-tree pairs were significantly positively autocorrelated at 10 m. This value ranged between 76 per cent and 92 per cent for different enzymes. Like-heterozygote treepairs were on average significantly positively associated in 52 per cent of cases with a range from 46 per cent to 61 per cent for different enzymes (Table 2) but there were fewer heterozygote trees in the populations.
By 20 m the results between pairs of like trees were nonsignificant in most cases, 78 per cent overall (Table   3 ). Unlike pairs of trees were generally significantly negatively autocorrelated at both 10 (72 per cent) and 20 m (84 per cent) distance annuli, or else were not significantly autocorrelated (Tables 2 and 3) .
Correlograms were used to visualize the patterns of associations with increasing distances between trees. The resulting patterns were consistent for either like or unlike genotype-pair combinations at each site, as can be seen in the example at Newall Creek (Fig. 1) . Therefore, the standard normal deviate (SND) was averaged between all like or unlike pairs for each enzyme.
Correlograms for like and unlike pairs for each enzyme were plotted together for each site. From these correlograms consistent patterns of results emerged. When a 10 m annulus was used half the sites (8 of the 17) displayed a pattern where there were significant positive associations at short distances of around 10 m, a crossing of the X-axis (SND =0) at around 20 m, then becoming significantly negatively autocorrelated (Murchison Highway, Creepy Crawly, Tarra Bulga, Mt. Wellington, Newall Creek, Tahune, Liffey Falls, Mt. Field). Unlike-pair combinations were negatively autocorrelated at 10 m and continued to be significantly negatively associated at greater distances as at Tarra Bulga (Fig. 2a) . When tested with 5 m increasing annuli, the pattern for like associations remained but became compressed with SND values generally becoming nonsignificant by 15 m and negative by 20 m as shown in the example of Tarra Bulga (Fig. 2b ).
Unlike pairs of trees were significantly negatively autocorrelated at all distances.
When correlograms with 10 m annuli were used, a second pattern was observed in seven sites (Meetus Fig. 3a) . Unlike pairs were initially significantly negatively autocorrelated, but approached zero by 30 m (e.g. Fig. 3a ). When correlograms with 5 m increments in the annuli were used the pattern of like associations became consistent with those of the first populations mentioned above (e.g. Fig. 3b ). That is there was significant positive autocorrelation at approximately 10 m, nonsignificant at 15 m and negative by 20 m. Unlike trees were significantly negatively autocorrelated at all distances. This pattern was consistent among the enzymes studied.
Positive autocorrelation at short distances represents clusters of trees with like genotypes . Negative autocorrelation for short distances can reflect either an avoidance phenomenon such as found among regularly spaced plants, or the sampling interval may be too large to detect associations . The first correlogram pattern described above (e.g. Figs 1 and 2) , is the most common autocorrelation pattern found in plants . It is typical of a pattern found in populations with relatively greater proportions of homozygotes and poor dispersal them, so that unlike trees are negatively associated, especially unlike homozygotes, as they do not occur together . The increasing negativity with distance reflects the reduced likelihood of encountering the same genotype with increasing distance . The point at which a correlogram crosses the X-axis (SND = 0), or switches sign, is an operational estimate of the length of one side of the 'average patch'. In irregular shaped or sized patches, it equals the average length of the shortest side (Epperson & Clegg, 1986) . Patch dimensions are primarily determined by breeding structure and dispersal (Epperson & Clegg, 1986) , which may be affected by density (Antonovics & Levin, 1980) .
Generally for the populations and enzymes studied there was a high level of consistency for the average patch length (approximately 15 m). However, one site, Liffey Falls, had a slightly larger average patch length of approximately 25 m.
Two sites, Milkshake Reserve and Wyefield Rivulet (e.g. Fig. 4) , deviated from all others in their conelogram patterns, in that like trees continued to be either significantly positively autocorrelated at all distance classes or randomly distributed (nonsignificant autocorrelation) at distances greater than 10 m. This pattern was consistent at both scales of distance increment investigated. Positive associations at larger distances are unusual , and usually associated with repeated or regular patterns in the environment . They represent the distance between aggregates of the same genotype. A significant autocorrelation at 10 m followed by nonsignificant results at greater distances (e.g. Fig. 3a) , would be consistent with short-distance clustering of like genotypes in an otherwise random spatial arrangement. The unusual pattern found at these two sites may be most easily explained by the existence of smaller patches which are repeated within the distance classes scored, or patches randomly distributed in populations with some genotypes' patches occurring more frequently. At these sites like-heterozygous genotypes were strongly positively correlated, so that the small clumps may suggest small clusters of vegetative clones, or offspring under parent trees. Distances between such clumps would be of the order of 5 to 10 m. At these sites the average distances between trees were 3.8 m and 1.9 m ( tion between stand density or stand size structure with the size of the patches measured at these sites.
Discussion
Positive autocorrelation of plants with the same genotype at short distances is predicted where reproduction occurs vegetatively (Sokal & Oden, 1978b; Oden, 1984) . In such cases clusters of clones would result. The distribution of genotypes among such clusters, however, could be random. Heterozygotes would be fewer, but heterozygote and homozygote clusters would not be expected to be structured differently, unless heterozygotes did not reproduce vegetatively. Short-distance positive autocorrelation is also found where family clusters have developed such as in insect-pollinated species or where most seed falls beneath the parent tree, family aggregates quickly develop (Ennos & Clegg, 1982) . This leads to clusters of homozygotes separated by heterozygous intermediate zones (Turner et a!., 1982; . It has also been shown that uncommon long-distance dispersal events have little effect on this family structure development Schnabel et a!., 1991) . Some weak positive autocorrelation of heterozygotes may result in the intermediate zones of heterozygotes . A. moschatum is known to reproduce vegetatively, is insect-pollinated and populations were found to be generally inbred (Shapcott, 1994) . Therefore it may be expected that family clusters produced by localized dispersal and vegetative spread would arise (Sokal & Wartenberg, 1983; . Thus, the results of this study are consistent with expectations for this species. As both of these two mechanisms for producing the small-scale genetic structure described above (i.e. local seed and pollen dispersal and vegetative reproduction), are likely to occur in A. moschatum stands, either or both may be responsible for the substructuring observed in these stands. This is not easily clarified in the field as it is often difficult to distinguish between stems that have arisen vegetatively from those which have arisen from seedlings. This is exacerbated by the fact that many of the sites likely to produce vegetative shoots are also the places most likely to provide 'safe' germination sites. Similar observations have been made for other species (e.g. Schnabel et a!., 1991). Like-heterozygote genotype pairs of trees were not significantly clumped as often as like-homozygote trees in the shortest distance class (0-10 m) ( Table 2 ). There is no evidence to suggest that homozygotes are more likely to reproduce vegetatively than heterozygotes. However, heterozygotes were generally infrequent (Shapcott, 1994) , and therefore there may not have been enough like heterozygote pairs to produce significant autocorrelations. Where there were more heterozygotes present in a population and significant positive autocorrelations were found, they may have resulted from vegetative reproduction enlarging a zone of heterozygotes between two homozygous family clusters.
The size of patches (-15 m diameter) as determined by the correlograms (Figs 2b and 3b ) was generally consistent between sites and seems larger than would be expected if such structure was solely due to vegetative reproduction. When genotypic site maps were studied, it was found that dense clumps of stems were often of mixed genotypes, but that scattered trees were often grouped by genotype (e.g. Fig. 5 ). Similar results were found by Schnabel et a!. (1991) and they support the hypothesis that clumps of stems are as likely to be produced by seedling germination as by vegetative growth. Since the size of patches was generally consistent between sites it is unlikely to be generated by spatially varying selection. There was no consistent observable microhabitat heterogeneity within sites to have caused such small-scale selection.
Other authors have interpreted such consistency of localized structure as generated by short-distance gene dispersal (Epperson & Clegg, 1986; Schoen & Latta, 1989) . In the present case it may be a combination of a consistency in vegetative spread, the insect pollinator flight path characteristic, and the size of the area over which most seed fall from the parent tree.
The populations that showed a pattern of short- . Where stands are dominated by only a few genotypes, the likelihood of this occurring is increased. At Milkshake Reserve and Wyefield Rivulet stands, this pattern was found using both a 10 m and a 5 m annulus, and thus failed to find an anticipated smaller patch length. Some genotypes appeared to be randomly dispersed at greater distances, some wavered between significant positive correlations and others remained positive. The results may suggest many very small clumps either randomly distributed or tending to be aggregated. As these appear to be small they may simply represent aggregates of clones or offspring from a parent tree. Both stands were of very different physical structure, but both had very clumped distributions of trees. However, the results also suggest that a larger scale of clustering may be developing.
Since there was generally no difference between genotypes in patch size, although genotypes were present in different frequencies within populations, there was therefore no strong evidence for selection of one particular genotype over others within the sites.
There was no evidence of differential selection between the different enzymes studied, since the results were consistent for all enzymes at each site. This suggests that the proportions of alleles or genotypes present at a site may be largely due to chance or historical factors, and the enzymes studied are effectively neutral Schoen & Latta, 1989; Schnabel et al., 1991) . This is consistent with findings from other studies Knowles et al., 1992) .
The populations studied have a diversity of population sizes, degrees of isolation, stand size structures and stand histories (Shapcott, 1994) , and densities (Table 1) . However, there was a high degree of consistency of both the presence and scale of genetic structure among the stands of A. moschatum studied. These results are consistent with hypotheses that plant populations are subdivided into local demes or 'neighbourhoods' of interbreeding, related individuals (Bradshaw, 1972; Levin & Kerster, 1974) . However, the scale of structure here is fine relative to the size of trees, therefore indicating small neighbourhoods. These family groups are likely to be randomly dispersed through the population in this case. However, the negative autocorrelations suggest that clumps in most populations tend to be nonrandomly dispersed rather than aggregated, i.e. clumps tend to be next to clumps of a different type rather than the same type. In contrast, the patterns at Milkshake Reserve and Wyefield Rivulet stands suggest that clumps are either randomly distributed or more likely to be aggregated with other like clumps than with unlike clumps. This sort of small-scale structure has been found in several other studies (Epperson & Clegg, 1986; Perry & Knowles, 1991; Schnabel et al., 1991) . It is difficult to compare the scale of pattern between studies since one would expect the scale of pattern to be relevant to plant size. However, in other studies of trees, patch sizes of similar dimensions have been reported (Perry & Knowles, 1991; Schnabel eta!., 1991) . Studies in which plants are sampled on a regular grid (e.g. Epperson & Allard, 1989) , may miss such fine-scale patterns if the sampling step is too large. demonstrated that irregular sampling is more efficient for pattern detection than a regular lattice, since a range of neighbour distances is included.
The results of a study of Acer saccharum stands of mixed age (Perry & Knowles, 1991) were similar to this study. They suggested that although Acer saccharum seed can be dispersed for great distances, seed dispersal in dense forests is restricted. A similar scenario is suggested for A. moschatum, as Read & Hill (1988) have suggested that in dense rainforest most seed fall near the parent tree, even though A. moschatum seed is plumed and can disperse great distances by wind. Perry suggest that stand regeneration, which is primarily by gap filling, may have generated genotypic structure as a result of clustered cohorts of similar genotypes with the resulting genotypes being structured by age. Since A. moschatum stands were shown to exhibit a variety of stand size structures and regeneration patterns (Shapcott, 1994 ), yet had consistent genetic spatial structures, genetically differentiated regenerating cohorts seem an unlikely cause of genetic structure in this case.
It takes several generations for family structure to develop (Turner et a!., 1982; Sokal & Wartenberg, 1983; . Knowles et a!. (1992) interpreted the differences in presence of genetic structure in populations of Larix laricina as reflecting differences in stand origin. They postulated that structure had developed where a few remaining trees (bottleneck) formed the basis for the present population, whereas the stand originating from heterogeneous outside seed sources had not yet developed a family structure. Coates (1992) , however, found no substructuring in populations of Stylidium coroniforme recovering from severe bottlenecks. As the A. moschaturn stands are likely to have different histories, the results suggest that all have been stable long enough for some family substructuring to have developed. A. moschatum populations are likely to have experienced size reduction, or bottlenecks, during past glacial cycles and these are likely to have facilitated substructuring in some populations. To the same extent, populations arising from founders in more isolated populations, in the absence of extensive seed rain, may have facilitated substructuring of genetic composition in those stands. For example, some isolated east coast populations are thought to be recolonized periodically after fire from incoming seed rather than from a surviving seed pool or surviving trees (Neyland, 1991) . Given the longevity of the species (trees may reach two hundred plus years), one could predict that all the stands studied could be at least several hundred years old.
Therefore, these results provide strong evidence that within A. moschatum stands family clusters of related genotypes are formed due to vegetative reproduction and localized pollen and seed dispersal. This would result in inbreeding within clusters as recorded in Shapcott (1994) . Within stands there may be high allelic diversity, but little mixing of genotypes due to substructuring, and hence leading to the fixation of genotypic proportions. One could predict that through this mechanism localized fixation and differentiation of allelic frequencies could develop within larger population ensembles without the need for selection as a driving force. This was found to have occurred between the Frodshams and Creepy Crawly sites, which are only approximately 2 km apart, and are within a larger semicontinuous ensemble (Shapcott, 1994) . These results suggest that genotype distributions and frequencies within stands may largely reflect chance and historical occurrences. It is likely therefore that much variation in allelic proportions between many A. rnoschatum stands may be due to random events and drift.
The results have implications for conservation management. These include the acknowledgement that if there are small neighbourhood sizes in A. rnoschaturn stands, the stands should not be considered too small to be worth conserving, since they mostly interbreed on a local scale, and even the smallest stands in this study have been relatively stable. Furthermore, large semicontinuous populations are unlikely to be homogeneous. Therefore, it cannot be assumed that conserving one part of a large population will reflect or adequately sample the genetic variability contained in the whole, since local differentiation or drift has occurred in A. moschatum populations.
